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ABSTRACT 

A number of B meson decays may proceed only through participation of the 
spectator quark, whether through amplitudes proportional to fs/n^B or via 
rescattering from other less-suppressed amplitudes. An expected hierarchy 
of amplitudes in the absence of rescattering will be violated by rescattering 
corrections. Such violations could point the way toward channels in which 
final-state interactions could be important. Cases in which final state phases 
can lead to large CP asymmetries are pointed out. 
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The decays of B mesons have the potential for exhibiting CP violation under a variety 
of conditions [jl]. Decays to CP eigenstates like J/ijiKs and 7r + 7r“ are expected to display 
an appreciable time-dependent rate asymmetry between B° and B°, whose interpretation 
in terms of pure CKM phases relies on the assumption of the dominance of a single weak 
phase [2]. Decays to non-CP eigenstates also can exhibit rate asymmetries in the presence 
of at least two contributing amplitudes whose weak and strong phases both differ from 
one another. However, the strong phases cannot be evaluated reliably a priori. Instead, 
one must rely on constructions based on amplitude triangles or quadrangles |§, in which 
one can separate out weak from strong phases by comparing rates for processes with those 
for their charge-conjugates. 

In the present note we propose a test for large final-state interactions which, while 
it does not yield precisely quantitative information on final-state phases, can indicate 
in which channels such phases are likely to be large. These channels are then prospects 
for searches for CP violation in rate asymmetries. We will only discuss direct CP asym¬ 
metries between instantaneous decays of B mesons of opposite flavors, disregarding (in 
the case of neutral B mesons) time-dependent B — B mixing effects. Such asymmetries, 
which require flavor-tagging, are obtained by time-integrated measurements and can be 
carried out also in a symmetric e + e _ collider operating at the T(4S'). 

We consider processes B —> PP , where P is a pseudoscalar meson. Similar results 
hold when one or both pseudoscalars are replaced by vector mesons V. There are many 
processes in which the spectator quark necessarily plays a role in the decay, whether 
through exchange (E) or annihilation (A) with the b quark or via rescattering. In 
the case of exchange or annihilation, the decay amplitude is expected to contain a 
power of /s/m#, where fs — 200 MeV is the B meson decay constant. Such an 
amplitude is expected to be suppressed by a factor of roughly A 2 f|, where A = 0.22 is 
a parameter introduced by Wolfenstein 0 to classify the hierarchy of elements in the 
Cabibbo-Kobayashi-Maskawa (CKM) matrix. 

Processes in which the b quark decay contributes to final states without the interven¬ 
tion of the spectator quark are expected to dominate B —> PP decays. These processes 
consist of tree amplitudes which are color-favored (T) or color-suppressed ( C ) and pen¬ 
guin (P) amplitudes. (The notation is that of 0.) In many cases such amplitudes 
can contribute through rescattering to the processes involving the participation of the 
spectator quark 0. Our purpose is to enumerate and classify these situations. 

In Table I we list all the B —> PP processes for which T, C. or P amplitudes cannot 
contribute except via rescattering. Also shown are the powers of A in the amplitudes 
(which are the same whether the amplitudes arise from exchange or annihilation or via 
rescattering from T or C). Any process of order A” should effectively appear of order 
A"(/b/^b) — 0{ A n+2 ) if rescattering is not important, whereas rescattering could in 
principle enhance this amplitude beyond this level to a maximum of 0(X n ). 

The most promising decays have amplitudes of order It would be inter¬ 

esting to search for the modes in Table I to see if they show evidence for the expected 
suppression due to the factor /« /rn b. If they are enhanced, there is some chance that 
the rescattering amplitude can generate a final-state phase large enough to give rise to 
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an observable CP-violating rate asymmetry in the decay. In the following discussion we 
will describe a possible mechanism for such enhancement. 

Recently some progress was made in understanding the role of final state interactions 
in B decays 0,1,1, pH] , [TTj| . In Ref. 0 it was argued that, contrary to simple intuition 


0. soft final state interactions do not disappear in the large mg limit and may be 
significant in hadronic B decays. In Ref. m sizable rescattering effects via inelastic 
charge-exchange, 

7r + zr -> 7 t°D° , (1) 

were calculated in B° —> 7r°Z)°. Let us summarize the results of this analysis, which will 
then be applied to our case. 

The processes B° —> 7t + .D~ and B° 7 t°D° are conventionally given by “color- 

allowed” and “color-suppressed” amplitudes, T oc cq and C oc a 2 , respectively, which are 
determined experimentally, 02/01 ~ 0.2 |E|. When calculated in the naive factorization 
approximation [[L4j, neglecting rescattering effects, both amplitudes are real. The new 
contribution to B° —> 7 r°Z)° decay, via the rescattering process (1), was calculated in 
terms of p trajectory Regge exchange. Denoting the direct decay amplitude A(B° —> 
7 r°Z) 0 ) by and the decay amplitude to the same final state via charge-exchange, 

A(B° —> tt + D~ —> 7 r°Z) 0 ), by M” D , it was found that [[1C| 


Kd 

M% 


0.18 + 0.58i 


( 2 ) 


That is, the additional contribution from rescattering into the 7T°Z) 0 final state is as im¬ 
portant as the direct amplitude and is dominantly imaginary. Thus, the total amplitude 
of B° —> 7 r°Z)°, given by M^ D +M^, is predicted to carry a large final state phase. A sim¬ 
ilar situation exists in B° —» 7r°7r° due to rescattering effects from B° —>• n + 7i~ —> 7r°7r°. 
We wish to stress that the calculation leading to Eq. (2) involves quite a few assump¬ 
tions, and can therefore mainly serve for illustrative purposes [|15|. Smaller rescattering 
effects were calculated in Ref. [|TT[ for proceses of the type B —> PV. 

To sum up, the results of the analysis of Ref. |L(| suggest that in the two cases 


of B° —> 7r u D u and B° —» 7 r u 7 r , the rescattering amplitudes into the final states may 
carry large phases, and are likely to be smaller by a factor of about A than the decay 
amplitudes to the intermediate ir + D~ and 7r + 7r - states, respectively. The existence 
of large phases can be tested experimentally by measuring the rates of B° —> 7 r°Z)° 
and B° —> 7 r° 7 r° and of isospin-related processes. Since the final states are mixtures of 
two isospin states (/ = 1/2, 3/2 and 1 = 0, 2, respectively), the amplitudes of these 
processes obey two triangle relations with the amplitudes of two other pairs of processes, 
B° —>• 7r + D”, B + —> 7 t + D° and B° —> 7 r + 7 r _ , B + —> 7 T + 7 r°, respectively. Rescattering 
effects into these final states are expected to be smaller than in the color-suppressed 
processes. Thus, the smaller sides of the two triangles, associated with the B° —> 7 r°Z)° 
and B° —> 7 r° 7 r° amplitudes, will form sizable angles with each of the other two sides. In 
the case of the B —> 7777 isospin triangle, one would have to isolate the contribution from 
a penguin amplitude which carries a different weak phase [[T^ • So far, the two large sides 
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of the B —> 7 tD triangle have been measured, while an upper limit exists on B° 
This sets a mild upper bound on the corresponding phase []T7 . 


7 t°D° 


A similar situation is expected to hold in the processes on the left-hand-side of 
Table 1. In addition to the direct E and A amplitudes, which are suppressed by ,/n /m b , 
these processes obtain contributions of rescattering from intermediate states given in the 
right-hand-side of the Table. Also specified are the types (T, C, P ) of decay amplitudes 
into the intermediate states and the corresponding Regge trajectories (K *, K **, p, a 2 ) 
exchanged between the intermediate and final states. 

As an example, consider B° —> K + D~. The amplitude of this process contains two 
terms: the direct E amplitude and the contributions of rescattering from n + D~ and 
from 7 r°Z)° states, which are described in terms of Ii*,K** Regge exchange. The decay 
amplitudes into n + D~ (T) dominates over the decay amplitude into 7 r°Z ) 0 (C/\/ 2). In 
the chiral limit (in which the mass of the s quark vanishes, m s —> 0), K* exchange 
is equivalent to p exchange. Chiral corrections and the K** trajectory are expected 
to increase the amplitude. The contribution to B° —> K + Dj, via the rescattering 
process ix + D~ —> K + D~ is approximately equal to the contribution to B° —> 7 t°D° via 
the rescattering process (1). Thus, assuming the results of Ref. |L(|, we find that the 
amplitude of B° —> K + D~ obtains two terms: a direct amplitude E which is real and of 
order A 4 , and a contribution from rescattering via ir + D~, which is of order A 3 and which 
carries a large final state phase. Thus, A(B° —> K + D ~) is expected to be enhanced by a 
factor 1/A compared to the naive fB/ m B suppression and to obtain a sizable final-state 
interaction phase. The enhancement can be tested by measuring the rate of this process. 

Similar effects exist in all the other processes in Table 1. For instance, the amplitude 
of B + —> Ii°D + consists of a real direct term of order A 5 , and an amplitude due to 
rescattering from 7 r°PR which is of order A 4 and has a large strong phase. 

We conclude that rescattering from intermediate states leads to amplitudes sup¬ 
pressed by A rather than by /b/^b- The presence of large final state phases in these 
amplitudes does not guarantee large CP asymmetries. For this one requires that two 
different weak phases contribute to a process. In B° —> K + D~, T ( C ) and E involve 
the same weak phase Arg(V* b V u d) , and no CP asymmetry is expected between the rate 
of this process and its charge-conjugate. A similar situation holds in B + —> K°D + . 

In order to search for cases in which CP asymmetries can be expected as a con¬ 
sequence of two different weak phases, we limit our attention to processes in Table 1, 
in which the contribution to an amplitude from rescattering involves a penguin (P) 
term. The weak phase of this amplitude may differ from the phase of the direct E or A 
amplitude. There are four such classes of processes. 

In the first class, B s —> D + D~ and B s —> D°D°, all amplitudes involve the same 
CKM phase, Arg(V/j,I/ cs ) = kig{y bb V ts ) (mod 7 r), and one expects no CP asymmetry. 

In the second and third class, involving B° —» D°D° or DfD~ and B° —> K + K~, 
respectively, the direct amplitude and the penguin contribution to rescattering involve 
different weak phases, Arg (y* b V cd ) 7 ^ Arg (y* b V td ), Arg(V* b V ud ) ^ Arg(V* h V td ). (We ne¬ 
glect the effect of u and c quarks in b —> d penguin amplitudes |18|). The asymmetries 
in the processes belonging to these two classes are proprtional to the sines of the corre- 
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sponding weak phase differences, namely to sin/3 and sin a, respectively, where a and (3 
are two angles of the CKM unitarity triangle jl|. Since the penguin amplitude is sub¬ 
dominant in the decays to intermediate states, the rescattering effects in the asymmetries 
are suppressed by 


P' 1 

- r^j 

V 

, vjVtd 
l v; b vJ 

,a s (m b ) 
12 vr 

1 i m \\ 

ln(—|) 

m b 

~ A to A 2 , 

( 3 ) 

P 

, vsv* 

a s {m b ) 

^ t m 2 t\ 

1 h(—|) 
m b 

~ A to A 2 , 

( 4 ) 

T 


12 t r 


respectively. Consequently, CP asymmetries are estimated at the level of 10% in B° —> 
D°D° or D+DJ and in B° -> K+K~. 

The largest asymmetries are expected in B s —> 7 r + 7 r _ and B s —> 7 r° 7 r°. In these 
rather rare processes, the direct amplitudes are of order A 6 and carry a weak phase 
Piig{y* h V us ) . The penguin amplitude P' dominates B s decays to the KK intermediate 
states. Its weak phase is Arg (y^ b V ts ), and its magnitude can be estimated by 

P' ~ \V t lVt s \(a s (m b )/12n) In(m 2 /m 2 ) ~ A 4 . (5) 


The rescattering amplitudes into the charged and neutral 7 T 7 t states are smaller by a 
factor A and carry large final state phases. Thus, the magnitudes of the two interfering 
amplitudes differ by no more than one power of A, their weak phase-difference is 7 and 
their strong phase difference is likely to be large. One therefore expects in B s —> 7 r + 7 r - 
and in B s —> 7 r° 7 r° large asymmetries, possibly of a few tens of percent, which are 
proportional to sin 7 . 

Let us note that similar rescattering effects inducing CP asymmetries are expected 
also in processes which do not require participation of the spectator quark. One such 
example, in which large asymmetries are expected, is B° —> K°K°. In this case, the 
direct amplitude is pure penguin [Q and has a magnitude 

P ~ \V* b V td \(a s (m b ) /12n) In(m 2 /m 2 ) ~ A 4 to A 5 . ( 6 ) 


The K°K° final state can be also obtained by decay to and rescattering from a 7 r + 7 r 
state. The amplitude of B° —> 7 r + 7 r~ is given by T v: b v ud A 3 to A 4 ; the rescattering 
amplitude into K°K° is smaller by a factor A and carries a large strong phase. Hence, 
the two amplitudes are of comparable magnitudes and may have quite different strong 
phases. The resulting asymmetry which is proportional to sin a can be sizable. A similar 
result was obtained in Ref. JTIJ, in which the rescattering amplitude via the 7 r + 7 r~ state 
was represented by the soft part of the u quark contribution to the penguin amplitude 
P. 

A remark is in order about the magnitude of the factor fs/^B ~ A 2 which we have 
assumed to characterize suppressed amplitudes. Such a suppression of exchange and 
annihilation amplitudes of B decays to two pseudoscalars is obtained when assuming 
factorization and simple form factors [|20|. This picture is clearly an oversimplification. 


As we have shown, it is quite possible that these amplitudes may be suppressed only by A 


5 













due to rescattering effects. A similar suppression, of order 27 t/b jrn b ~ A, characterizes 
the inclusive annihilation amplitude |2T[ . The extra 2i r factor has a simple explanation. 


The non-suppressed amplitudes involve beta-decay type transitions in which one quark 
decays to three, whereas the suppressed amplitudes involve exchange or annihilation of 
an initial heavy quark and an initial spectator antiquark into a two-quark final state. 
The factor of 27 t takes account of the presence of one less quark in the final state. 

We comment briefly on expected branching ratios for the interesting processes. One 
must distinguish between those processes in which the magnitude of rescattering is ex¬ 
pected to be merely detectable and those in which it can lead to a measurable CP- 
violating decay rate asymmetry. For example, the amplitude for B° —> K + D~ is ex¬ 
pected to be of order A times that for the observed process B° —> tt + D~ which feeds it 
via rescattering. Since the branching ratio for the latter process is about 0.3%, observa¬ 
tion of a rate for B° —> K + D~ high enough to imply rescattering effects, namely with 
a branching ratio of about 10~ 4 , is within the reach of present or modestly upgraded B 
meson experiments. 

The use of the anticipated large final state phases to observe a CP-violating asym¬ 
metry is somewhat more demanding, but within the capabilities of several planned high- 
intensity sources of B mesons. The decays B° —> D°D° and B° —> D+D~ are expected 
to be fed by rescattering from both tree and penguin contributions in B° —> D + D~. One 
expects the branching ratio for the latter process to be about A 2 that for the observed 
process B° —> D~D+, or about (1/20) (0.8%). Rescattering will probably cost another 
factor of A 2 in rate, leading to a branching ratio B(B° —> D°D °) ~ 2 x 10~ 5 . As we 
have estimated, a rate asymmetry of order 10% could arise between this process and 
its charge-conjugate. The situation in B° —> Ii + K~, where an asymmetry at a similar 
level is expected, is somewhat less favorable. This process is fed by rescattering from 
B° —> 7r + 7r~, the rate of which is likely to be about 10~ 5 [[h|], so B(B® —> K + K~) should 
be somewhat below 10~ 6 . Finally, rates at a similar level are expected for B s —> 7r + 7r - 
and B s —> 7r°7r°, which are fed by rescattering from B s —> K + K~(K°K°) whose branch¬ 
ing ratios is probably about 10~ 5 , similar to that of B° —> K + n~ |22|. As we noted, 
the asymmetry in B s —> nn may be very large due to the interference between the am¬ 
plitudes E' and the rescattering amplitude from P' which differ by no more than one 
power of A. 

In summary, while it is very difficult to study quantitatively final state interactions 
at the B mass, our analysis indicates that in B decays which require the participation 
of the spectator quark, rescattering effects are likely to enhance decay rates by an order 
of magnitude relative to naive expectations. Such enhancement may indicate large final 
state phases, which would lead in certain cases to sizable CP asymmetries. 
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Table 1 : B ^ PP amplitudes i 


CKM Order Process Suppressed 
Factor in A amplitude 

v; b v ud X B° K+D; E 

v; b v cs X B s - D+D- E 

B s -> D°D° -E 

v; b v us A3 B s - 7 t + d- a E 

B s -> 7T °D° -XE/y/2 

V* b V cd A^ B° -> D°D° Xft 7 

B° -»• D+D- E' 

v: b v ud A3 B° - K+K~ -E 


V* b V cs A 3 B+ K°D + A 

B s ->• vr“T) + -£ 

-»• vr 0 D° E/v^ 

K&K, X 7 B, vr+vr- 

B s -> 7r°7r° E'/p2 

V* b v cd A 5 B^TR^Dt XXT 

5° -»• K~D+ A E 
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only suppressed graphs. 


Rescatters from: 

State 

Ampl. 

Exch. 

tt + D~ 

T 

K*,K** 

n 0 D 0 

C/V2 

K*,K** 

DfD- 

T + P 

K*, K** 

DtD- 

T + P 

K*,K** 

K+D; 

XT 

K*,K** 

K+D ; 

XT 

K*,K ** 

D+D~ 

T' + P' 

Pi a 2 

D+D~ 

V + P 

K*,K** 

7T + 7r _ 

-(T + P) 

K*,K** 

7r°7r° 

(P-C)/V2 

K*,K** 

K°K° 

P 

Pi 0-2 

TT°Df 

-T/V 2 

K*,K** 

K+D 0 

-C' 

Pi 02 

K~Di 

—T 

K*,K** 

K-Dt 

—T 

K*,K** 

K+K~ 

-(V + P') 

K*,K** 

K°K° 

P’ 

K*K** 

K+K~ 

-(T' + P 1 ) 

K*,K** 

K°K° 

P' 

K*,K** 

tt+D° 

X C 

K*,K** 

7T°D + 

XT/V2 

K*,K** 

7 T~D+ 

XT 

K*,K** 

7 T°D° 

XC/V2 

K*,K** 



